We present a lumped-element Josephson parametric amplifier (JPA) utilizing a straightforward fabrication process involving a single electron beam lithography step followed by double-angle evaporation of aluminum and in-situ oxidation. The Josephson junctions forming the SQUID are fabricated using bridgeless shadow evaporation technique, which enables reliable fabrication of relatively large (∼ 9 µm 2 ) junctions. 
Low-noise amplification of microwave signals is a key requirement in numerous experiments in quantum technology, including qubit readout, optomechanics and quantum sensors.
Since current state-of-the-art semiconductor amplifiers add 1 -3 K of noise to the measured signal 1 , Josephson parametric amplifiers (JPAs) 2, 3 , along with other superconducting amplifiers [4] [5] [6] [7] , having added noise close to one quantum have gained significant interest. The active component in a JPA is the nonlinear inductance of a Josephson junction (JJ), modulating the resonance frequency of a resonator, in first realizations formed by a transmission line cavity [8] [9] [10] [11] . However, the bandwidth of cavity-based JPAs is limited to a few MHz due to the high quality (Q) factor of the cavity.
To achieve higher bandwidths, a lumped-element JPA was introduced 12 , where the JJ and a capacitor form a parallel LC resonator, maximizing the ratio of Josephson inductance to the total inductance. The behavior of a lumped element JPA can be tuned over a wide range by changing the coupling strength. Besides high coupled Q configuration 13 , one can omit the coupling capacitor resulting in a low coupled Q and wide bandwidth 12, 14 of up to 100 MHz, which can be increased further by engineering the impedance of the environment 15, 16 . However, these JPAs are relatively complicated to fabricate, requiring deposition of low-loss dielectric for parallel plate capacitor and low-impedance vias 14 or optical lithography for niobium followed by e-beam lithography for two aluminum layers 13 .
We present a lumped-element JPA utilizing a straightforward fabrication process. The JJs, capacitor, flux line and bonding pads are defined in a single e-beam lithography followed by double-angle evaporation of aluminum. We employ a bridgeless shadow evaporation technique 17 allowing us to fabricate JJs with high critical currents by increasing the surface area instead of lowering oxide thickness, which could lead to increased variance of critical currents.
First, we consider the theoretical framework of our lumped-element JPA, operating at frequency ω, consisting of a non-linear resonator formed by a shunt capacitor and a SQUID which is pumped with external RF magnetic flux through the SQUID at frequency ω p ≈ 2ω (three-wave mixing). We chose this operation regime, because for a four-wave mixing (typically with a current pump with ω p ≈ ω) the large amplitude pump is within the amplification bandwidth, whereas the three-wave mixing process separates the pump tone from the amplified signals, therefore simplifying the practical use of the JPA. We can write down the Hamiltonian of a system under study in the rotating wave approximation 18 :
In this formula ξ r = ω p /2 − ω r , where ω r is the resonator frequency, α is the strength of pump andâ is the cavity mode. Solving the Quantum Langevin Equation (QLE) with the Hamiltonian above yields the signal gain as a function of frequency. In QLE we take into consideration a cavity decay rate κ, which is determined by the JPA quality factor Q: κ = ω/Q. Since our JPA is strongly coupled to the environment, its quality factor is dominated by coupling, and therefore Q ≈ Q c (= Z 0 C/L ). The resulting amplification of the signal at frequency ω as a function of detuning ξ = ω p /2 − ω is given by
where
is the electrical susceptibility of resonator. It can be seen from the equation that gain is achieved at various resonator detunings, but to clarify this dependence we fix the pump power to α max = κ/2, corresponding to infinity gain at zero detuning. Now, by substituting χ = (κ/2 − iσκ) −1 , where we introduce σ = ξ r /κ, the maximum gain at a given resonator detuning is given by:
In the high-gain limit we can assume that ξ r κ, and in terms of quality factor this relation can be written as G = |2 Q ξ r /ω r | −2 . Consequently, we can express the pump frequency range where the gain exceeds a given value G 0 :
Then, in addition to wide bandwidth, JPA with low quality factor has the advantage of wide tunability by varying the pump frequency. This tuning via ω p is a considerably faster operation than changing the DC flux value. In general, when the pump power is not fixed it is possible to use η = α/α max = 2 α/κ to evaluate the final maximum gain function of the two parameters controlled in the experiment:
meaning zero resonator detuning, gain tends to infinity.
The design of our JPA is shown in Fig. 1 . The layout design follows a lumped-element principle: no transmission lines are required since all distances are kept short compared to the wavelength (λ ≈ 30 mm at 10 GHz). Instead of a ground plane spreading over the entire chip, we place the SQUID and the capacitor in proximity to two bonding pads. The JPA is tuned and pumped with an external AC+DC flux through the SQUID loop, applied with a loop whose geometry is designed to reduce parasitic coupling to the loop formed by the SQUID and the capacitor. While the resonance frequency of the JPA is given by ω p = 1/ √ LC, the amplification bandwidth is inversely proportional to quality factor Q = Z 0 C/L 15, 16 , and thus related to critical current of the SQUID as 1/I c . On the other hand, the saturation power of the JPA is directly proportional to I c , resulting in a trade-off between bandwidth and saturation power.
Moreover, JPAs with low Q require strong pumping which may cause unwanted nonlinear behavior 16, 19 . However, in our application wide bandwidth is preferred over high saturation power, and therefore we set Q ≈ 2, resulting in C = 1.2 pF and L = 0.8 nH, obtained by applying DC magnetic flux of Φ DC ≈ 0.4 Φ 0 through a SQUID with total unbiased
The capacitor was realized as an interdigital capacitor due to its low losses 20 and good suitability to our e-beam lithography process. The capacitor is oriented so that the rotational axis of evaporation angles is perpendicular to the capacitor fingers, allowing proper control over the finger widths. The 1.2 pF capacitor has 62 fingers with 330 µm length and 2.4 µm width and gap, connected to the bonding pads directly, thus minimizing parasitic inductance. Since large interdigital capacitors may exhibit nonideal behavior at high frequencies, we verified our capacitor design with electromagnetic simulations 21 . In addition, EM simulations were used to estimate the total geometric inductance of the JPA device, resulting in less than 10 % of the total inductance at the operating range.
For the Josephson junctions we chose a small critical current density (7 A/cm 2 ) to improve the quality and reproducibility of the JJs. This, combined with the 600 nA critical current of the JJs results in junction area of ∼ 9 µm 2 . Since such JJs are difficult to fabricate with Dolan bridge technique, we employed a bridgeless shadow evaporation process 17 , where the layer separation is realized in the leads connecting the JJs: the lines leading up-and downwards from the JJ in Fig. 1 are formed by the first and second aluminum layers, respectively.
The JPAs were fabricated on oxidized silicon substrate with e-beam lithography using double layer resist (Copolymer MMA-MAA 700 nm + PMMA 200 nm) and 100 kV beam to achieve low parasitic undercuts. The process involved a double-angle (±45 • ) evaporation of 75 nm thick aluminum, separated by in-situ oxidation at 15 mbar for 10 min.
Our measurement setup is illustrated in Fig. 2 . The measurements were conducted at 30 mK in BlueFors LD-250 dry dilution cryostat. The JPA was protected from external magnetic fields with a cylindrical Cryoperm shield and a superconducting (Pb) inner shield.
The DC flux bias and RF pump shared a common on-chip flux line, and the signals were combined by an external bias-tee. First, we characterized the tunability of the JPA resonance frequency as a function of DC magnetic flux applied through the SQUID loop. The Fig. 3 shows the phase of the reflected signal and the calculated estimates for resonance frequency using both ideal and EM-simulated capacitor model including parasitic inductance. Although our capacitor contains parasitics, we observe that at the desired working point at 5 GHz the deviation between the two capacitor models is negligible, meaning that the capacitor can be considered nearly ideal at those frequencies. We then characterized the JPA gain at various values of Φ DC . Our JPA exhibited >13 dB gain at 0.3 Φ 0 < Φ DC < 0.4 Φ 0 , and the widest tunability was obtained at Φ DC = 0.36 Φ 0 .
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The maximum gain at that point is plotted in Fig. 4 Noise performance of the JPA was characterized with signal-to-noise ratio improvement method, giving noise relative to system noise temperature, which was calibrated separately using Y-factor method with a heated load. Thus, we can estimate the noise temperature of the JPA using the following relation 16 :
where T tot (ω) is the total system noise referred to JPA input port including the noise of the HEMT preamplifier and losses in cables and circulators, η SN R (ω) is the SNR improvement and G(ω) is the gain as defined in Eq. (2). Our system noise has a mean value of about 6 K.
The gain and noise characteristics of the JPA in the denoted chosen operating point are shown in Fig. 5 . The dashed red line marks the calculated gain outline, showing good agreement with the experiment. In calculations we used Φ DC = 0.36 Φ 0 for DC flux and Φ RF = 0.07 Φ 0 for RF flux, the strength of pump was 0.45 κ (= 0.9 α max ). We attribute the large error in the noise plot to the inaccuracies in cable losses and system noise temperature measurement. Since our design was optimized for wide bandwidth, the determined input power resulting in 1 dB gain compression was −125 ± 3 dBm, which, although low, is adequate for various experiments. The vertical lines denote the -3 dB bandwidth of 95 MHz. In the noise plot the shaded area denotes measurement error while the dashed line represents the standard quantum limit (T Q = ω/k B ).
In summary, we have designed and fabricated a JPA using a straightforward fabrication process with single-step e-beam lithography. The design favoring wide bandwidth over high dynamic range resulted in nearly quantum-limited noise performance with 20 dB gain and 95 MHz bandwidth, which will be useful e.g. in shot noise spectroscopy 22 and quantum vacuum measurements 23, 24 , where signal levels are low. Varying the pump frequency allows rapid tuning of the JPA band center by several hundred MHz. In addition, the bandwidth can be improved further using impedance engineering. Because the JPA is relatively simple to fabricate, the design can be easily modified to meet the requirements of various experimental settings.
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